Novel Function of Metallothionein in Photoprotection: Metallothionein-Null Mouse Exhibits Reduced Tolerance Against Ultraviolet B Injury in the Skin  by Hanada, Katsumi et al.
Novel Function of Metallothionein in Photoprotection:
Metallothionein-Null Mouse Exhibits Reduced Tolerance
Against Ultraviolet B Injury in the Skin
Katsumi Hanada, Daisuke Sawamura, Katsuto Tamai, Takako Baba, Isao Hashimoto, Tsutomu Muramatsu,*
Nobuhiko Miura,† and Akira Naganuma†
Department of Dermatology, Hirosaki University School of Medicine, Hirosaki, Japan; *Nara Medical University, Kashihara, Japan; †Department of Molecular
and Biochemical Toxicology, Faculty of Pharmaceutical Science, Tohoku University, Sendai, Japan
We have shown previously that injection of cadmium
chloride (Cd21) depletes the number of ultraviolet B
(UVB)-induced sunburn cells in the mouse skin in vivo,
and that Cd21 treatment enhances UVB resistance in
cultured keratinocytes in vitro, indicating the photopro-
tective role of Cd21-induced metallothioneins (MT) with
antioxidant property against UVB injury; however, there
has been no direct evidence for the role of MT in UV
protection. To improve our understanding of MT in
photoprotection, MT-null mouse deficient in its MT-
1 and MT-2 genes was studied. Skin explants were
preliminarily exposed to medium alone, Cd21 and Cd21
Metallothionein (MT) are widely distributed in abroad range of eukaryotic species from yeastSaccharomyces cerevislae to mammalians. Besides metalhomeostasis, MT have been expected to have otherfunctions for survival because of cysteine-rich and
free radical scavenging activities (Thornalley and Vasak, 1985; Hanada
et al, 1993). Ultraviolet B (UVB) solar radiation is a major factor eliciting
acute effects, such as sunburn, hyperpigmentation, and thickening of
the skin. Those morphologic changes are accompanied by histologic
alterations of sunburn cell (SBC) formation (Woodcock and Magnus,
1976), vasodilatation, hypermelanization, and epidermal hyperplasia.
SBC formation is most marked after exposure to UVB (290–320 nm),
and may be used to quantitate UV damage. SBC have been thought
to represent UVB-mediated apoptotic keratinocytes (AC). We have
shown that injection of cadmium chloride (Cd21) depresses SBC
formation in ear skin of hairless mice in vivo and increases the survival
rate of cultured keratinocytes following UVB injury in vitro (Hanada
et al, 1991). We have proposed that such a protective effect might be
due to the antioxidant action of Cd21-induced MT, although there
has been no direct evidence for the role of Cd21-induced MT in UV
photoprotection. Recently, MT-null mice deficient in the MT-1 and
MT-2 genes have been produced by homologous recombination
(Michalska and Choo, 1993; Masters et al, 1994), and examining the
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plus buthionine S,R-sulfoximine, an inhibitor of gluta-
thione synthesis. We then compared the number of UVB-
induced sunburn cells and apoptotic cells in the epidermis
of MT-null mice with that of control mice using organ
culture systems. The skin of MT-null mice developed a
greater number of sunburn cells and apoptotic cells than
did that of normal mice in all experimental conditions.
These findings indicate that the skin of MT-null mouse
is readily injured by UVB irradiation. MT-null mouse
provided direct evidence of the photoprotective effect of
cellular MT in the skin. Key words: apoptosis/knockout
mouse/sunburn cell. J Invest Dermatol 111:582–585, 1998
photosensitive effect of targeted disruption of the MT genes in animal
cells should provide evidence to confirm the previous hypothesis.
To clarify the significance of Cd21-induced MT production in the
epidermis of the skin, we examined SBC formation in the skin of
MT-null mice after exposure to UVB to assess the participation of MT
on redox reactions. UVB-mediated apoptosis of the skin in MT-null
mice was simultaneously observed by the terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling (TUNEL) method.
MATERIALS AND METHODS
Reagents and chemicals The Catalyzed Signal Amplification (CSA) System,
a modified avidin-biotin peroxidase complex kit, and mouse monoclonal
antibody raised against horse self-polymerized MWA and MT-2 were purchased
from Dako (Carpinteria, CA).
Animals Four male mice with null mutations in their MT-1 and MT-2 genes
(129/Sv-Mt1Mt2) as described earlier (Masters et al, 1994) and four 1.29/Sv
male mice used to breed MT-null offspring were purchased from the Jackson
Laboratory (Bar Harbor, ME).
UVB radiation source As the UVB source, a bank of seven fluorescent
sunlamps, FL20SE.30 (Toshiba Medical Supply, Tokyo, Japan), which emit rays
between 275 and 305 mn with a peak at 305 nm, was used. Radiation doses
were measured using a UVR 305/365DII radiometer (Toshiba Medical Supply).
The lamp-to-skin distance was 45 cm.
Immunohistochemical staining Skin samples (5 3 5 mm) were obtained
from the lateral portion of dorsa of both normal and MT-null mice before and
24 h after subcutaneous injection of 1 mg Cd21 per kg. Deparaffinized sections
of these samples were stained using the CSA system as described elsewhere
(Bobrow et al, 1989). In brief, the sections were overlaid with mouse monoclonal
antibody raised against horse MT (500-fold dilution) at room temperature (20–
25°C) for 1 h, then treated with biotinylated rabbit anti-mouse IgG for 15 min,
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and the avidin-biotin complex, amplification reagent (biotinyl tyramide and
hydrogen peroxide), and streptoavidin-peroxidase each for 15 min. The sections
were stained with 0.05% 3–39-diaminobenzidine solution in 0.8% hydrogen
peroxide, counterstained with hematoxylin. Control sections were treated with
non-immune mouse IgG instead of the mouse monoclonal antibody for MT.
Skin explants and culture For organ culture of the skin, shaved murine
skin at the central portion of dorsa was taken from each MT-null mouse and
from each 129/Sv mouse, aged 8 wk. After washing twice with phosphate-
buffered saline (PBS), these skin tissues were cut into four pieces (10 3 10 mm).
Each skin explant was placed dermis side down on a Millipore filter (pore size,
0.45 µm; diameter, 13 mm) and floated on the surface of the culture medium
in a 35 mm Falcon plastic culture dish. Specimens were cultured in a Eagle’s
minimum essential medium (Nacalai Tesque, Kyoto, Japan) supplemented with
15% newborn calf serum (Nacalai Tesque) in a humidified incubator containing
5% CO2/95% air as previously reported (Muramatsu et al, 1992).
Experimental design and UV irradiation For estimating the SBC forma-
tion and apoptotic alteration of epidermal kerationocytes, 12 pieces of skin
samples from each of four normal and four MT-null mice were used. Eight
skin samples from both animals were preliminarily exposed to 10 µM Cd21,
eight samples were exposed to Cd21 plus 500 µM buthionine S,R-sulfoximine
(BSO), an irreversible inhibitor of γ-glutamylcysteine synthetase that depletes
cutaneous glutathione synthesis (Griffith and Meister, 1979), and the remainning
samples were incubated in culture medium alone at 37°C for 24 h prior to
UVB irradiation. These skin samples were then washed twice with PBS and
were immediately irradiated with UVB light for a single dose of 300 mJ per
cm2, because our preliminary data had shown a minimal erythema dose of 100
mJ UVB per cm2. Skin samples were put on the rotating disk throughout
irradiation to increase uniformity of exposure. After irradiation, the skin samples
were cultured for another 24 h. Five millimeter punch biopsies were taken
from each skin sample, which were fixed in 10% formalin and embedded in
paraffin. Sectioned specimens were subjected to hematoxylin and eosin staining
for measurement of SBC number or to histochemical staining using TUNEL
method for counting the number of AC.
SBC counting The SBC number in 6 µm paraffin sections was counted in
a light microscope fitted with an eyepiece grid. First of all, the mean count of
SBC in five sections from each sample was expressed as SBC per centimeter of
epidermal length. Then, the mean values of SBC number (mean 6 SD)
between two groups of animals were compared. The histologic criteria for the
SBC were cytoplasmic eosinophilia, vacuolization of cytoplasm, and a pycnotic
nucleus (Woodcock and Magnus, 1976).
Apoptotic cell counting For estimating AC number in the irradiated skin,
the paraffin sections were stained by the TUNEL method using an apoptosis
staining Kit, ApopTag (Oncor, Gaitherburg, MD). The procedures used for
TUNEL methods have been previously reported (Baba et al, 1996). In this
study, terminal deoxynucleotidyl transferase enzyme solution was used at 100-
fold in dilution. The number of TUNEL-positive cells was determined using
microscopy, and the mean count of the cells was expressed as mentioned above
in SBC count (mean 6 SD).
Statistical analysis Student’s t test was used to determine significant differ-
ences; a p value , 0.05 was regarded as significant.
RESULTS
Expression of MT in mouse skin Normal mouse skin showed
weak immunoreactivity for MT in the basal cells of the epidermis of
the skin without Cd21 treatment (Fig 1a). Cd21 injection resulted in
strong MT staining in the basal cells and moderate reactivity throughout
the epidermis (Fig 1b). By contrast, skin samples of MT-null mice
showed a complete absence of MT staining in the epidermis and
dermis before (Fig 1c) and after Cd21 treatment (Fig 1d). Control
specimens treated with non-immune mouse IgG did not show MT-
positive cells.
SBC formation The mean values of the SBC number in the organ
culture skin from the different strains of mice are shown in Fig 2(a)
(mean 6 SD). In MT-null mice, the number was greater than that in
normal mice in each of the three conditions, i.e., exposure to culture
medium alone (p , 0.01), Cd21 alone (p , 0.01), or Cd21 plus BSO
(p , 0.001). Exposure of skin samples to Cd21 plus BSO induced the
greatest number of SBC. In normal skin, a significant difference was
recognized between Cd21 alone and Cd21 plus BSO treatments
Figure 1. MT-null mice lack immunohistochemical staining for MT.
Dorsal skin of normal mouse showed weak immunoreactivity for MT in the
basal layer of the epidermis (a). Strong MT staining was detected 24 h after
injection of 1 mg Cd21 per kg (b). By contrast, immunoreactivity for MT was
not found in dorsal skin of MT-null mouse before (c) or after (d) cadmium
chloride injection. Scale bars: 20 µm.
Figure 2. MT-null mice increase UVB-mediated SBC and AC formations
in the organ culture skin. Skin samples from normal (clear bar) and MT-null
mice (black bar) were exposed to medium alone (none), Cd21, or Cd21 plus
BSO. Immediately after 24 h of exposure to the different media, specimens
were irradiated with UVB at 300 mJ per cm2 and cultured for another 24 h.
Effects on the number of SBC (a) and AC (b) in normal and MT-null mice are
shown. The number of SBC in MT-null mice was greater than that in normal
mice when exposed to Cd21 or Cd21 plus BSO. There was no significant
differences between the SBC numbers of untreated or Cd21-treated skin from
MT-null and normal mice, and there was a significant difference between Cd21
and Cd21 plus BSO treatments in both animals (p , 0.001). The number of
TUNEL-positive AC in MT-null mice was greater than that in normal mice
when exposed to Cd21 or Cd21 plus BSO. Significant differences were detected
between untreated and Cd21-treated skin from normal mice (p , 0.05), and
between Cd21 and Cd21 plus BSO (p , 0.01). The number of SBC and AC
is expressed as mean 6 SD (n 5 4). Statistical significance of differences is
assessed by Student’s t test (*p , 0.05; **p , 0.01; ***p , 0.001).
(p , 0.001). There was no significant difference in SBC levels between
the skin samples of culture medium alone and Cd21 alone in normal
and MT-null mice.
AC formation The mean values of the AC numbers in the untreated,
Cd21-treated, or Cd21 plus BSO-treated skin samples are shown in
Fig 2(b) (mean 6 SD). AC numbers in the skin of MT-null mice
were significantly higher than those of normal mice for the treatments
in culture medium alone (p , 0.05), Cd21 alone (p , 0.05), or Cd21
plus BSO (p , 0.05). Cd21 plus BSO showed the greatest number of
AC in both animals of MT null (p , 0.01) and of normal mice
(p , 0.05), as was observed for SBC count. Between untreated and
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Figure 3. TUNEL staining of mouse skin in organ culture. Skin samples from normal mice (a–c) and MT-null mice (d–j) were exposed to three conditions
of culture medium alone (a, d), Cd21 (b, e), and Cd21 plus BSO (c, f), and irradiated by UVB. Skin samples in both animals exposed to Cd21 plus BSO showed
histologic findings of an increased number of AC, intracellular edema, and blister formation, which were dominant in the MT-null mouse. Scale bars: 10 µm.
Cd21-treated animals, significance in AC number was seen in normal
mice (p , 0.05), whereas it was not recognized in MT-null mice,
indicating a negative response of MT-null mouse skin to Cd21.
Histologic findings of TUNEL staining was shown in Fig 3. Compared
with normal mouse skin (Fig 3a–c), a greater number of TUNEL-
positive cells were recognized in the skin samples of MT-null mice
(Fig 3d–f) in three different conditions, exposed to culture medium
(Fig 3a, d), Cd21 alone (Fig 3b, e), and Cd21 plus BSO (Fig 3c, f).
In addition to an increased number of AC, Cd21 plus BSO treatment
elicited severe epidermal damage of basal degeneration after UVB
radiation. Histologic alteration was dominant in MT-null mice (Fig 3f),
indicating a significant role of MT in UV protection.
DISCUSSION
Besides metal homeostasis, MT have scavenging activity for superoxide
and hydroxyl radicals through its cysteine-rich property (Thornalley
and Vasak, 1985; Hamer, 1986; Hanada et al, 1993). Animals in which
MT synthesis has been induced provide the tolerance against oxygen-
mediated damages caused by X-rays (Shitraishi et al, 1983) or by
chemotherapy (Naganuma et al, 1987). In this study, to characterize
the possible role of Cd21-induced MT in photoprotection, MT-null
mice were examined. We used organ culture skin taken from normal
and MT-null mice to avoid the antioxidant effects of physiologic
substances in circular systems, such as ascorbate (Bisset et al, 1990; Darr
et al, 1992), α-tocopherol (Bisset et al, 1990), P-carotene (Mathews-
Roth, 1986), superoxide dismutase (Miyachi et al, 1983; Danno et al,
1984), and catalase (Danno et al, 1984), on SBC formation. Moreover,
to deplete endogenous glutathione synthesis in the tested skin, we
added BSO to the culture medium in some samples. In contrast
with normal mice, the MT-null mice used here completely lacked
immunoreactivity for MT in the skin regardless of the presence of
Cd21, which indicated a substantial disruption in MT induction in the
skin of MT-null mouse. The number of SBC in the skin of MT-null
mice was greater than that in the skin of normal mice in the organ
culture systems using each of the different media, suggesting a protective
effect of constitutive or Cd21-induced MT against UV injury. The
results are compatible with the previous report that the number of
SBC was significantly low in the epidermis of the animals treated with
Cd21 (Hanada et al, 1991). MT-null mice clearly demonstrated an
increased number of AC, as well as SBC, in the organ culture skin
after UVB irradiation. Recently, the concept that SBC are thought to
represent UVB-induced AC has been accepted by their morphologic
and biologic similarities (Kerr and Wyllie, 1972; Wyllie, 1984; Kane
and Maytin, 1995; Baba et al, 1996). Different etiologies have been
proposed on the production mechanism in each altered cell. Hypotheses
for the etiology of UVB-induced SBC formation include decreased
DNA repair capacity (Brenner and Gshnait, 1979), cell-cycle depend-
ence (Danno et al, 1981), reactive oxygen intermediates (Miyachi et al,
1983; Danno et al, 1984), and wild-type p53 gene expression (Lafon-
Cazal et al, 1993). As for the pathogenesis of UV-mediated apoptosis in
keratinocytes, p53-dependent pathways and p53-independent pathways
related to tumor necrosis factor-α (Schwart et al, 1995) and integrin
(Gniadecki et al, 1997) have been clarified. Common causal factors of
SBC and AC formation are p53 gene expression and reactive oxygen
intermediate (Myachi et al, 1983; Danno et al, 1984; Bissett et al, 1990).
Antioxidants, including superoxide dismutase, catalase, and esterified
glutathione (Hanada et al, 1997), have been shown to inhibit UVB-
mediated SBC formation in mouse skin (Danno et al, 1984) and the
number of SBC was increased by inhibiting glutathione synthesis
(Hanada et al, 1991). Another study revealed that inoculation of
superoxide dismutase into culture media during or after UVB irradiation
suppressed SBC formation in organ-cultured mouse skin (Myachi et al,
1983). On the other hand, recent studies have revealed that UV-
related oxidative stress is considered as a causative factor of apoptosis
(Hockenbery et al, 1993; Sarafian and Bredesen, 1994; Troy and
Shelanski, 1994). Downregulation of copper/zinc superoxide dismutase
with anti-sense oligo nucleotides induced apoptosis in cultured rat
pheochromocytoma cells (Troy and Shelanski, 1994). Overexpression
of the protooncogene, bcl-2, prevented hydrogen peroxide-induced
apoptosis through its antioxidant pathway in murine pro-B lymphocytes
(Hockenbery et al, 1993). The dichlorofluorescein oxidation assay
indicated that apoptosis in Jurkat cells, a lymphoma cell line that readily
undergoes apoptosis when cultured in the L-cysteine- and GSH-free
medium, was prevented by administration of catalase, adult T cell
leukemia-derived factor, and human thioredoxin, which are demon-
strated to be potent antioxidant agents, in a dose-dependent manner
(Iwata et al, 1997). In a human keratinocyte cell line, zinc, also shown
to have antioxidant properties, exhibited inhibitory effects on the early
stage of UVB-induced apoptosis using HaCat cells, implying that zinc
ions interfere with the apoptosis process by decreasing DNA damage
able to trigger apoptosis in keratinocytes (Parat et al, 1997). These lines
of evidence indicate that SBC formation and apoptotic signaling in
keratinocytes are apparently mediated by reactive oxygen intermediates
generated by UVB irradiation (Oguira et al, 1991). Therefore, in the
previous study, we concluded that increased resistance against UVB
was due to scavenging activities by induced MT following Cd21
treatment. Despite that evidence, the UV-protective mechanism has
been only speculative, because it was impossible to rule out a direct
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effect of Cd21 on the cell membrane or an indirect effect of Cd21-
induced substances, such as stress proteins. To prove the role of MT
in UV protection, MT-null mice were required and, in this study, we
have shown that organ culture skin obtained from MT-null mice
revealed a high sensitivity to UVB irradiation. A recent study (Quaife
et al, 1994) has demonstrated that MT are classified into four classes
based on their amino acid structure: MT-1 and MT-2 are proteins of
similar size but differ slightly in their overall charge, whereas MT-3 is
larger due to the insertion of additional amino acid residues at two
separate sites. MT-4 structure has intermediate size between MT-3 and
the other isoforms. Murine MT-4 mRNA appears to be expressed
exclusively in stratified squamous epithelia, including tail, footpads,
and neonatal skin (Quaife et al, 1994). When the mouse with MT-
null mutation in its MT-4 gene with other MT genes is produced,
more clarified UV damage might occur.
In conclusion, this study provided the direct evidence for the
poliotoprotective effect of cellular MT in mice skin.
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